The isolation and characterization of a Neurospora crassa mutant altered in Lamino oxidase regulation is reported. The previously isolated gln-lbR8 strain, which only synthesizes the glutamine synthetase a monomer and lacks the monomer, was used as parental strain. A mutant derivative of strain was selected for i t s ability to grow on minimal medium in the presence of DLmethionine-SR-sulfoximine (MSO), an inhibitor of glutamine synthetase activity. This g/n-lbR8;MSOR mutant overcame the inhibitory effect of MSO by increasing the activity of L-amino acid oxidase, an enzyme capable of degrading this compound. In contrast with the wild-type strain, the L-amino acid oxidase of the MSOR mutant was resistant to glutamine repression; in fact, it was induced by this amino acid but repressed by ammonium. This mutant is different from other nitrogen regulatory N. crassa mutants reported and is only altered in the regulation of L-amino acid oxidase. The MSOR mutation is epistatic to nit-2 since the nit2;MSOR double mutant regulated the L-amino acid oxidase in the same way as the MSOR single mutant.
INTRODUCTION
In Neurospora crassa, there are different nitrogen catabolic pathways which are hierarchically governed to ensure a constant nitrogen supply for growth, even in the face of widely different or rapidly changing environments. Thus, N. crassa favours readily metabolizable nitrogen sources such as ammonium, glutamate and glutamine (primary sources), but can use a variety of secondary sources such as nitrate, purines, proteins, peptides, amino acids and amides when the primary sources are limited (Marzluf, 1993) . The process of nitrogen metabolite repression ensures that the systems for utilization of secondary nitrogen sources are inactive in the presence of a primary nitrogen source. Such repression is believed to be glutamine-mediated, with ammonium and glutamate also showing repression since they are precursors of glutamine (Marzluf, 1981) . In most cases, turning on the expression of a particular nitrogen catabolic pathway requires two distinct signals, one that is global and indicates nitrogen limitation and a second, pathway-specific, signal (Marzluf, 1993) .
Abbreviations: LAO, L-amino acid oxidase; MSO, DL-methionine-SRsulfoximine. In N. crassa, NIT2 is the positive regulatory protein required for expression of genes involved in the utilization of secondary nitrogen sources and in ammonium assimilation enzymes (glutamine synthetase and glutamate dehydrogenase) when the cells are subject to nitrogen limitation (Marzluf, 1981 (Marzluf, ,1993 Calderon & Martinez, 1993) . NIT2 is a protein of 1036 amino acid residues with a single zinc domain that functions as a site-specific DNA-binding protein (Fu & Marzluf, 1990a, b) .
In N. crassa, two allelic mutant strains have been isolated (nmr-l and ms-5) which fail to respond to nitrogen catabolic repression (Dunn-Coleman et al., 1981; Premakumar et al., 1980) . nmr is unlinked to nit-2 and appears to act in a negative fashion to repress the synthesis of nitrate reductase and other nitrogen catabolic enzymes and ammonium assimilation enzymes (Dunn-Coleman et al., 1981; Sikora & Marzluf, 1982; DeBusk & Ogilvie, 1984b; Calderon & Martinez, 1993) . The nmr gene has been cloned and shown to be expressed constitutively (Fu et al., 1988) . N M R does not appear to have any DNA-binding activity nor to directly inhibit the transcription of nit-2 or the nitrogencontrolled structural genes (Xiao et al., 1995) 
been demonstrated and the NMR protein inhibits NIT2 1)NA binding (Xiao et af., 1995) . It has been suggested that NMR carries out its negative regulatory role by directly binding to NIT2, thereby blocking the function of NIT2 by inhibiting DNA-binding activity (Xiao et al., 3 995).
In A?. crassa the first step in the catabolism of many amino acids is an oxidative deaminatiori, yielding the corresponding 2-0x0 acid and ammonium, catalysed by I -amino acid oxidase (LAO ; EC 1 . 4 . 3 2) (Sikora & Marzluf, 1982) . LAO is present in both cell extracts and the growth medium ; biotin-limited medium enhances I,AO levels and significant amounts of LAO are present in cultures undergoing sexual differentiation (Thayer & Horowitz, 1951 ; Horowitz, 1965) . LAO is synthesized by N. crassa following addition of L-amino acids to nitrogen-starved cultures as well as upon addition of protein synthesis inhibitors or D-amino acids (Sikora & Marzluf, 1982; Neiderman & Lerch, 1991) . LAO mRNA levels increase rapidly in response to the inducing agents, indicating that the LAO gene is regulated at the transcriptional level (Neiderman & Lerch, 1991) . The expression of LAO is controlled by NIT2; thus, nit-2 mutants are repressed for LAO activity under conditions which lead to good enzyme induction in the wild-type (Sikora & Marzluf, 1982; DeBusk & Ogilvie, 1984a) . At least two NIT2-binding sites have been found in the promoter region of LAO gene (Xiao & Marzluf, 1993) . The expression of LAO is also controlled by the nmr gene product; thus LAO is insensitive to nitrogen metabolic repression in the nmr-2 or ms-5 mutants (Chambers et af., 1983; DeBusk & Ogilvie, 1984b) . In this work, we describe the isolation and characterization of an A?. crassa mutant altered in the regulation of LAO.
METHODS
Strains. All the N. crassa strains came either from the collection of J. Mora, Centro de Investigaciori sobre Fijacion de Nitrogeno, Cuernavaca, Morelos, Mexico, or from the Fungal Genetic Stock Center, Kansas City, KS, USA. The basic stocks were the 74-A and 73-a wild-type strains, the nit-2 and ms-5 regulatory mutant strains (Coddington, 1976 ; Premakumar et al., 1980) and the gln-lbR8 mutant strain, which lacks the glutamine synthetase p monomer (Davila et al., 1983) . Growth conditions. Batch cultures of N. crass~z were grown at 30 "C with shaking (250 r.p.m.) on Vogel minimal medium (Vogel, 1956 ) supplemented with 1.5 (w/v) sucrose. In some experiments, the carbon and nitrogen source were substituted as stated in the text. The conidia used as inoculum were harvested from slants of Vogel medium supplemented with 3.5 O/O (w/v) sucrose, which had been grown in the dark for 3 d at 29 "C, followed by 2 d under incandescent light at 25 "C. Determination of enzyme activities. Cell-free extracts were prepared as described previously (Davila et d., 1978) . LAO activity was monitored by following the appearance of ketoacid according to Sikora & Marzluf (19132) . Glutamine synthetase was measured as described by Ferguson & Sims (1974) . Nitrate reductase was assayed as described by Sorger et al. (1974) .
Mutant selection. A suspension of conidia of the gln-lbR8
mutant strain in distilled water was plated on Vogel minimal medium supplemented with glucose and fructose (0.02 O/O each), sorbose (2%), and 5 m M DL-methionine-SRsulfoximine (MSO). Plates were incubated at 29 "C in the dark until colonies appeared (2-3 d) and then transferred to slants of Vogel minimal medium supplemented with 1.5 O/O sucrose. Crosses were made on Westergaard synthetic crossing medium (Westergaard & Mitchell, 1947) as described by Davis & Serres (1970) . Spot testing and progeny analysis were also carried out as described by Davis & Serres (1970) .
Determination of amino acid pools. Samples were prepared as described elsewhere (Calderon & Martinez, 1993) . Amino acids were separated with an Aminco amino acid analyser and quantified in an Aminco ratio fluorimeter after coupling with o-phthaldialdehyde.
Protein determination. Samples of mycelia were prepared as described elsewhere (Calderon & Martinez, 1993) . Protein was determined by the Lowry method, using bovine serum albumin as a standard.
Reproducibility of results.
The experiments reported were each repeated at least once; representative results are shown.
RESULTS

Isolation of the gln-lbR8;MSOR mutant
In N. crassa, the inhibitor of glutamine synthetase MSO is degraded by LAO and by glutamine transaminase (Calderon et al., 1990) . T o select mutants altered in LAO regulation, we started with a parental strain (gln-2 bR8) that lacks the glutamine synthetase p polypeptide and is therefore more sensitive to growth inhibition by MSO than the wild-type (Davila, 1983) . Spontaneous mutants of gln-2 bR8 resistant to MSO growth inhibition were selected for their ability to grow on 25 mM NH,NO, as nitrogen source plus 5 mM MSO. Three of these gln-2 bR8; M S O R mutant strains were purified by crosses with the gln-2 bR8 strain and further characterized. These three mutants were altered in LAO regulation in a similar way, although the mutant described here had the greatest alteration in the regulation of this enzyme.
Growth, glutamate content, and glutamine synthetase, LAO and glutamine transaminase activities
The gfn-2 bR8; M S O R mutant grew similarly on NH,NO, as the nitrogen source in the presence or absence of MSO, whereas the parental gln-lbR8 strain did not grow at all in the presence of MSO (Fig. 1) . The gln-26R8;MSOR mutant was also able to use MSO as a sole nitrogen source, whereas the parental gln-lbR8 strain did not grow (Fig. 1) . The gln-2 bR8 and the gfn1bR8;MSOR strains grew similarly on NH,NO, as nitrogen source in the absence of MSO (Fig. 1) . The fact that the gln-lbR8;MSO" mutant grows on MSO as nitrogen source indicates that, in this mutant, MSO is degraded efficiently.
Since MSO inhibits glutamine synthetase and therefore prevents glutamine synthesis from glutamate and am-Neurospora crassa L-amino acid oxidase mutant 
Growth tests and nitrate reductase
In an attempt to test whether the derepression of LAO exhibited by the gln-2bR8;MSOR double mutant was a specific or a general response, we compared the growth characteristics of this mutant and an MSOR single al., 1979) . These results indicate that the gln-16R8;MSOR and MSOR strains are not derepressed for nitrate reductase regulation. Since the nit-2 mutant is altered in the global positiveacting protein that activates LAO, we o'btained a nit-2;MSOR double mutant to determine whether the MSOR mutation is epistatic to nit-2. We found that nit-2;MSOR was resistant to MSO, in contrast with the nit-2 mutant, which was sensitive (Table 1) .
Nitrate reductase activity was also measured to determine whether the altered regulation of LAO in the gln-lbR8;MSOR mutant was a specific or a general response since this enzyme is regulated by the general mechanism of nitrogen metabolite repression, as is LAO (Marzluf, 1993) . In comparison with the gln-1 bR8 strain, the gln-16R8;MSOR strain had a similar nitrate reductase activity under the different conditions tested (data not shown).
LAO regulation in the MS@ mutant
The wild-type and the gln-1 bR8 strains had similar LAO activity under the different conditions tested ; these strains had sevenfold higher LAO activity on 2 mM NH,NO, as nitrogen source than on 25 mM NH,NO, or on glutamine as nitrogen source (Table 2 ). In comparison with the gln-ZbR8 strain, the gln-16R8;MSOR had sixfold higher LAO activity on 2 mM NH,NO, as nitrogen source and 19-fold higher LAO activity on glutamine as nitrogen source (Table 2 ). In contrast with the gln-lbR8;MSOR double mutant, the MSOR single mutant had lower LAO activity on 25 mM NH,NO, as nitrogen source but slightly higher LAO activity on 2 mM NH,NO, or on glutamine as nitrogen source (Table 2 ).
Since the MSOR mutant is derepressed for LAO in some media, we determined whether the MSOR mutation was epistatic to nit-2. The nit-2 strain had similar LAO activity on 25 mM NH,NO, or on glutamine as nitrogen source as did the wild-type, but it had threefold lower LAO activity on 2 mM NH,NO, as nitrogen source. The nit-2;MSOR double mutant had slightly lower LAO activity than the MSOR single mutant under the different conditions tested (Table 2 ).
Since the MSOR single mutant is derepressed for LAO activity on glutamine as nitrogen source but not on 25 mM NH,NO, as nitrogen source, we determined whether NH,NO, was able to repress LAO in the presence of glutamine in this mutant. As shown in Table  3 , the MSOR mutant on 25 mM NH,NO, plus glutamine as nitrogen source had eightfold lower LAO activity than on glutamine alone as nitrogen source. Moreover, the LAO activity determined after 24 h growth diminished about 13-fold when NH,NO, was added to the culture medium to obtain a concentration of 25 mM after 12 h growth on glutamine as nitrogen source. We also measured LAO activity of the MSOR mutant grown on different amino acids as nitrogen source to determine whether the LAO activity of this mutant was altered when other amino acids besides glutamine were used as nitrogen source. In comparison with the wildtype strain, the MSOR mutant had higher LAO activity with the different amino acids tested, e.g. 42-fold higher on glutamate as nitrogen source, 39-fold higher on arginine as nitrogen source and 29-fold higher on asparagine as nitrogen source (Table 4) .
DISCUSSION
The gln-26R8;MSOR mutant was selected for its ability to grow on NH,NO, as nitrogen source plus the inhibitor of glutamine synthetase MSO. We started with a parental strain (gln-l6R8) that lacks the glutamine synthetase p polypeptide and is more sensitive to growth inhibition by MSO than the wild-type strain (Davila, 1983) . The gln-2 6R8; MSOR mutant grows on MSO as nitrogen source indicating that, in this mutant, this compound is degraded efficiently.
The facts that the gln-lbR8; MSOR mutant had a higher LAO activity than the gln-ZbR8 strain when grown on the presence of MSO, that glutamine synthetase and glutamine transaminase were not altered in this mutant, and that it had a lower glutamate content than its parent when grown in the presence of MSO, indicate that the gln-2 6R8; MSOR mutant overcame the inhibitory effect of MSO by degrading this compound, through an increase in LAO activity. (Premakumar et al., 1980; Chambers et al., 1983; DeBusk & Ogilvie, 1984b) . The M S O R mutation was epistatic to nit-2 since the nit2;MSO" double mutant is resistant to MSO and regulates LAO in the same way as the MSOR single mutant.
It is interesting that the MSOR mutant has lost the repression of LAO by glutamine and its dependence on the global positive-acting regulatory protein NIT2 that has been shown to control LAO expression (Fu & Marzluf, 1990a) . We propose that the MSOK mutant has a mutation that disrupts the binding site of NIT2 so that the LAO gene is transcribed by another promoter.
Since it has been demonstrated that NMR, the putative negative-acting regulator that mediates nitrogen repression, binds to NIT2 we could speculate that a NIT2-NMR complex bound at the binding site of NIT2 might function as a repressor. This could explain the simultaneous loss of repression by glutamine and of NIT2 activation by the MSOR mutant. Nevertheless, against this proposal are the results of mobility-shift experiments by Xiao et af. (1995) , which revealed that the N M R protein inhibits DNA binding in vitro. Also, it is interesting that the MSOR single mutant is derepressed for LAO activity on glutamine as nitrogen source but not on 25 mM NH,NO,, since the nmr-1 and ms-5 regulatory mutants lose the repression for some enzymes of the nitrogen metabolism in the presence of ammonium and glutamine. Therefore, since the promoter which functions for the transcription of LAO in the MSO" mutant is regulated by ammonium but not by glutamine, we propose that the signal could be related to carbon metabolism rather than to ammonium. With an excess of ammonium there is a high flux of carbon catabolism due t o the assimilation of ammonium that consumes carbon skeletons, energy and NADPH. In contrast, under conditions of ammonium limitation or on a poor nitrogen source the demand for carbon skeletons is lower.
